The phosphoinositide 3-kinase (PI3K) signaling pathway plays a major role in malignant cell transformation. Its molecular participants are frequently deregulated in human cancers (7, 79) . A homolog of the catalytic subunit of the lipid kinase PI3K (P3K) and its downstream target, the serine-threonine protein kinase Akt, have been identified as oncogenic elements of transforming retroviruses (11, 14, 71) . The PI3K and Akt genes are frequently mutated in cancer (10, 15, 46, 50, 62, 64) ; constitutively active forms of these proteins are transforming in cell culture and tumorigenic in vivo (1, 14, 47, 70) . Negative regulators of PI3K-induced signaling are PTEN (phosphatase and tensin homolog deleted on chromosome 10) and the tuberous sclerosis protein complex, consisting of the proteins TSC1 and TSC2. PTEN is a lipid phosphatase and antagonist of PI3K and shows loss of function in human cancers at a frequency comparable to that of p53 (13, 67) . The TSC1/2 complex, located downstream of Akt, functions as a GTPase activating protein and negatively regulates the small GTPase Rheb (33, 34) . Germ line loss of function of TSC1 or TSC2 results in the development of benign tumors known as hamartomas (51) . Another tumor suppressor, LKB1, controls TSC1/2 through the AMP-dependent protein kinase (16, 65) . A loss of LKB1 function causes the Peutz-Jeghers syndrome, a benign tumor histologically similar to hamartomas (17, 30 ). An important downstream branch of the PI3K signaling pathway is represented by the serine-threonine kinase TOR (target of rapamycin). TOR regulates cell growth in response to PI3K signaling, nutrients, and endogenous energy levels (76) . It stimulates translation by activating p70 S6 kinase (S6K) and the eukaryotic translation initiation factor and cap-binding protein 4E (eIF-4E) (29, 56) . Phosphorylated and activated S6K phosphorylates ribosomal protein S6, which has been implicated in the recruitment of 5ЈTOP mRNAs to the ribosome (37) . However, recent evidence has amended this hypothesis (74) . eIF-4E is regulated by interaction with 4E-binding proteins (4E-BP). 4E-BP are negative regulators of cap-dependent translation. Hypophosphorylated 4E-BP binds to eIF-4E and prevents initiation of translation. TOR-mediated phosphorylation of 4E-BP1 frees eIF-4E from 4E-BP1 and thereby enables eIF-4E to assemble the translational initiation complex eIF-4F.
Increased translational activity is common during malignant transformation (28, 56) . Examples documenting the essential role of translation during oncogenic transformation are provided by 4E-BP1, eIF-4E, eIF-4G, and Pdcd4 (programmed cell death 4). A constitutively active form of 4E-BP1 blocks c-Myc-induced transformation (45) . eIF-4E and eIF-4G are transforming in cell culture (24, 43) ; overexpression of eIF-4E cooperates with c-Myc in the development of lymphomas in mice (63) . Pdcd4 blocks tetradecanoyl phorbol acetate-induced transformation in susceptible JB6 cells and inhibits the helicase activity of eIF-4A, a component of the 4F translation initiation complex (82) . These data are complemented by work with the immunosuppressant rapamycin. Rapamycin, in complex with the cellular protein FKBP12 (FK506-binding protein), binds TOR and inactivates it (76) . Rapamycin is able to block P3K-and Akt-mediated transformation and interferes with tumor formation in PTEN-deficient mice (2, 53, 58) .
In the present study with the Y box-binding protein 1 (YB-1), we provide more evidence for a fundamental role of translation during oncogenic transformation. YB-1, also known as p50 or DNA-binding protein B (dbpb), regulates transcription and translation. It binds to single-stranded RNA, singlestranded DNA, and double-stranded DNA (35) . As a DNAbinding protein, YB-1 binds to promoters containing the Y box element and either activates or represses gene expression (23, 48, 54, 77) . As an mRNA-binding protein, YB-1 is the most abundant protein of messenger ribonucleoprotein particles (mRNPs) and controls translation in a dose-dependent fashion (9, 12, 49) . Low concentrations stimulate translation, and higher ones are inhibitory. Inactive mRNPs contain about twice as much YB-1 as active mRNPs (49) . YB-1 blocks protein synthesis at the initiation stage (52) . Masking of mRNA by YB-1 has been suggested as an explanation for YB-1-mediated inhibition of translation (7, 20, 61, 68) . In P3K-and Akttransformed chicken embryo fibroblasts (CEF), YB-1 is transcriptionally repressed (5) . Overexpression of YB-1 leads to a specific resistance to oncogenic transformation induced by P3K or Akt. This transformation-resistant cellular phenotype is correlated with a flat cellular morphology, a cytoplasmic localization of YB-1, the ability to bind to the cap of mRNAs, and inhibition of cap-dependent and cap-independent translation. A competition between YB-1 and eIF-4E for cap binding has been suggested (5, 19) . A YB-1 mutant, unable to bind to the cap structure of mRNAs, fails to inhibit translation and also does not interfere with transformation (5) .
Available data on YB-1-induced resistance to P3K-and Aktmediated transformation favor a mechanism involving control of protein synthesis. Cycloheximide, a general inhibitor of translation, does not result in an inhibition of P3K-or Aktinduced oncogenesis, suggesting that YB-1 affects the translation of specific mRNAs differentially (unpublished data). In this study, we determined the requirements for interference with transformation in a mutational analysis of the YB-1 protein. We provide evidence that neither mRNA binding nor cap binding of mRNAs is sufficient for inhibition of translation or for interference with transformation. YB-1-induced resistance to transformation by P3K or Akt requires RNA binding and a 90-amino-acid region within the C-terminal domain and is tightly correlated with inhibition of translation. We identified a nonconventional nuclear localization signal (NLS) of YB-1. A mutant lacking the NLS retains its ability to block transformation, indicating that a nuclear function of YB-1 is not required for inhibition of transformation. These results suggest that YB-1 blocks PI3K-induced transformation by a specific inhibition of protein synthesis.
MATERIALS AND METHODS
Cell culture and interference assays. Fertilized chicken eggs (White Leghorn) were obtained from SPAFAS (Preston, Conn.). Preparation and cultivation of primary CEF have been described previously (80) . Stable transfections using 5 g of RCAS vectors were carried out using 4 ϫ 10 6 secondary CEF grown in a 100-mm dish overnight in F10 medium (Sigma) supplemented with 5.87% ironenriched bovine serum (Omega Scientific, Inc., Tarzana, Calif.), 0.93% L-glutamine-penicillin-streptomycin solution (Sigma, St. Louis, Mo.), and 2 ng of Polybrene (Sigma)/ml. Cells were incubated with DNA for 4 h, treated with F10-0.25% dimethyl sulfoxide for 1 min, washed twice with F10, and grown in F10 medium containing 5.87% iron-enriched bovine serum and 0.93% L-glutamine-penicillin-streptomycin solution. Cell culture continued following standard procedures (80) . After transfection, CEF were transferred at least twice before they were used for interference assays or immunofluorescence or reporter assays. For interference assays, CEF were transfected with RCAS(B) vectors and seeded onto MP6 wells (5 ϫ 10 5 cells per 35-mm well). After 10 days, cells were infected with oncogenic RCAS(A)myr-p3k⌬72 (3) virus or RCAS(A)myrAkt⌬11-60 virus (1) and overlaid with agar medium on the next day. Fresh agar medium was added every 2 days. Upon formation of transformed cell foci, cells were stained with 2% crystal violet in 20% methanol.
Plasmids. All RCAS vectors are based on RCAS.Sfi (1), a derivative of RCAS (32) containing SfiI(A) and SfiI(B) sites for unidirectional cloning. RCAS(B) FLAG-YB-1, RCAS(B)FLAG-YB-1*, and pcDNA3.Sfi have been described elsewhere (4, 5) . RCAS(B)-IB-SR was kindly provided by M. Aoki. pBSFI-FLAG-YB-1 was created by moving the FLAG-YB-1 SfiI fragment from pFBnFLAG-YB-1 (5) into the SfiI sites of pBSFI. YB-1 deletion mutants were generated by PCR using pBSFI-FLAG-YB-1 as template and PCR primers as described in Table 1 . PCR products were cut with NotI and BamHI and cloned into the NotI and BamHI sites of pBSFI-FLAG. Inserts were recloned as SfiI fragments into RCAS(B) and pcDNA3.Sfi. The chicken YB-1 protein published under accession number AAA02573 was used in this study. Internal deletions were prepared by altering the YB-1 nucleotide sequences in pBSFI-FLAG-YB-1 and pBSFI-FLAG-YB-1* to StuI sites at amino acid positions 183 and 273 (YB-1⌬183-273), 183 and 202 (YB-1⌬183-202 and YB-1*⌬183-202), and 190 and 202 (YB-1⌬190-202 and YB-1*⌬190-202) by using the QuikChange XL sitedirected mutagenesis kit from Stratagene (La Jolla, Calif.). Mutated pBSFI vectors were cut with StuI, gel purified, and religated. Inserts were retrieved by SfiI digestion and cloned into the SfiI sites of RCAS(B). YB-1(1-202,4R-4A) was generated by replacing the four arginines at amino acid positions 186 to 189 with alanines by using the QuikChange XL site-directed mutagenesis kit from Stratagene and pBSFI-YB-1(1-202) as template. The particular SfiI cDNA fragments were moved into RCAS(B) or pcDNA3.Sfi as described above. For the generation of pcDNA3-HA-YB-1, a YB-1 cDNA fragment was amplified by PCR using 5Ј-AACCCATGGTTATGAGCAGCGAGGCCGAGACCCAGCCG-3Ј as forward primer and 5Ј-AACGAATTCTTACTCAGCCCCGCCCTGCTCGGCCT CGGG-3Ј as reverse primer and pBSFI-FLAG-YB-1 as template. The DNA fragment was gel purified, cut with NcoI and EcoRI, and cloned into NcoIEcoRI-cut pBSFI-HA vector (69), creating pBSFI-HA-YB-1. From this vector, Immunofluorescence. Cells grown overnight on glass coverslips were washed with phosphate-buffered saline (PBS) and fixed with 3.7% formaldehyde for 30 min, rinsed twice with PBS, and incubated with PBS containing 0.1% Triton X-100 (Sigma) for 30 min. After a wash with PBS, the coverslips were incubated with 10% goat serum for 1 h at room temperature in a humidified container followed by incubation with rabbit polyclonal anti-FLAG antibody (Sigma) for another hour. Coverslips were washed with PBS three times and incubated with fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (Sigma) for 1 h. During the last 5 min, 4,6-diamidino-2-phenylindole (DAPI) was added. The coverslips were again washed three times with PBS and mounted on glass slides using Slowfade mounting medium (Molecular Probes, Eugene, Oreg.). Primary and secondary antibodies were used at a final dilution of 1:100, and the final concentration of DAPI was 2 ng/l.
Immunoblotting. Cells were trypsinized, counted, pelleted for 3 min at 960 ϫ g, and lysed in sample buffer containing 60 mM Tris-HCl (pH 6.8), 10% (vol/vol) glycerol, 3% (wt/vol) sodium dodecyl sulfate (SDS), 5% (vol/vol) ␤-mercaptoethanol, and 0.005% (wt/vol) bromophenol blue. Lysates from 6.25 ϫ 10 4 cells were separated on SDS-10% polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane. Membranes were blocked in Tris-buffered saline (TBS)-Tween 20 (0.1%) containing 5% bovine serum albumin for 2 h at room temperature, followed by incubation with horseradish peroxidase-conjugated anti-FLAG M2 antibodies (1:20,000; Sigma) for 40 min at room temperature in TBS-T (0.1%) with 5% bovine serum albumin. m 7 GTP pull-down and mRNA-binding assays. m 7 GTP pull-down assays were done according to a published protocol (8, 44) . Briefly, cells were grown to confluence and suspended in 700 l of m 7 GTP lysis buffer containing 20 mM Tris, 100 mM KCl, 20 mM ␤-glycerophosphate, 1 mM ethylene glycol-bis(2-aminoethylether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA), 1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 0.25 mM Na 3 VO 4 , 10 mM NaF, and 1ϫ protease inhibitor cocktail from Roche (Indianapolis, Ind.). Native protein extracts were prepared with six cycles of freeze-thaw using a dry icemethanol bath and thawing in water. Debris was separated by centrifugation, and the protein concentration was determined using the BCA system from Pierce (Rockford, Ill.). For the m 7 GTP pull down, 300 g of protein together with 50 l of 7-methyl GTP-Sepharose 4B beads (Amersham Pharmacia, Piscataway, N.J.) were incubated overnight at 4°C. Beads were washed seven times with m 7 GTP washing buffer containing 20 mM Tris, 100 mM KCl, 0.2 mM EDTA, and 7 mM ␤-mercaptoethanol, and bound proteins were applied to an SDS-PAGE (10%). Western blotting was carried out as described above. For the mRNA-binding assay, 150 g of total protein of lysates that had been used for the m 7 GTP pull down were immunoprecipitated with anti-FLAG M2 agarose (Sigma) for 30 min at 4°C. Beads were washed four times with m 7 GTP washing buffer and were incubated with 2 l of RNase inhibitor (Superase⅐In; Ambion, Austin, Tex.) and 3.3 ϫ 10 6 cpm of riboprobe in a total volume of 200 l of m 7 GTP washing buffer at room temperature for 2 h. As riboprobe, in vitrotranscribed, [ 32 P]UTP-labeled mRNA was used that had been generated with linearized pBSFI-FLAG-YB-1 vector as template and the MaxiScript kit from Ambion according to the manufacturer's protocol. The approximately 1,000-nucleotide (nt) YB-1 mRNA was purified using MicroSpin G-50 columns from Amersham Pharmacia. After incubation, the beads were washed twice with m 7 GTP washing buffer and four times with m 7 GTP washing buffer supplemented with 500 mM NaCl. Beads were suspended in 50 l of sample buffer ( Coimmunoprecipitation. HEK293 cells were transiently transfected with 3 g each of pcDNA3-HA-YB-1 and pcDNA3-FLAG encoding various YB-1 proteins. The empty vector pcDNA3.Sfi was cotransfected to reach equal amounts of transfected DNA. Cells were lysed in immunoprecipitation lysis buffer containing 0.5% NP-40, 10% glycerol, 20 mM Tris, 150 mM NaCl, 1 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride, 50 mM NaF, 1 mM dithiothreitol, 50 mM ␤-glycerolphosphate, 1 mM Na 3 VO 4 , and 1ϫ protease inhibitor cocktail from Roche. Five hundred micrograms of total protein was incubated at 37°C for 2 h with 1 g of RNase A/l to ensure complete degradation of mRNAs and applied onto agarose beads conjugated with M2 FLAG-specific antibodies (Sigma) for 30 min at 4°C. Beads were washed five times with immunoprecipitation lysis buffer without protease inhibitors. Bound proteins were separated by SDS-PAGE (10%) and visualized by Western blotting using horseradish peroxidase-conjugated M2 FLAG antibodies (Sigma) or polyclonal HA.11 antibodies (Sigma). Tubulin was detected with monoclonal anti-tubulin from ICN Biomedicals Inc., Aurora, Ohio.
Reporter assays, RNA isolation, RT-PCR, and Northern blotting. Transient transfections, preparation of cell lysates, and luciferase assays were performed as described previously (5) . A total of 1.5 ϫ 10 5 cells were seeded onto 12-well plates, grown overnight, and transfected with 600 ng of pc-luc; luciferase assays were done using 5 g of protein. Isolation of total RNA was performed by CsCl gradient centrifugation. Briefly, total protein was lysed in guanidium isothiocyanate buffer containing 4 M guanidine thiocyanate, 25 mM sodium acetate, and 0.835% (vol/vol) ␤-mercaptoethanol. Lysates were drawn through a 20-gauge needle to shear chromosomal DNA. Lysates were overlaid on a 5.7 M CsCl cushion, and total RNA was pelleted by centrifugation at 107,000 ϫ g for 18 to 24 h, ethanol precipitated, and dissolved in 20 l of water. Eight microliters of total RNA was used for cDNA synthesis using the ThermoScript reverse transcription-PCR (RT-PCR) system from Invitrogen according to the manufacturer's instructions. PCR was carried out at a 62°C annealing temperature for 25 cycles. The YB-1-specific primers 5Ј-AACGCGGCCGCCCGCGGCGCCTCCC GCCGGCGGGGACAAGAAG-3Ј and 5Ј-ACGGATCCTTAGCGGAATCGT GGTCTGTAACCTCGATA-3Ј were used to amplify a 606-nt cDNA product. For Northern analyses, 4 ϫ 10 6 CEF were seeded onto 100-mm dishes, grown overnight, and transiently transfected with 3 g of pc-luc. Cells were serum starved and stimulated with serum growth factors as described elsewhere (5) . Isolation of total RNA, RNA gel electrophoresis, Northern blotting, and Northern hybridizations were done as described previously (6) . Firefly luciferase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA fragments were labeled with [␣-32 P]dCTP using the Random Primed DNA labeling kit from Roche.
RESULTS
The CSD and C-terminal sequences of YB-1 are required to block oncogenic transformation induced by P3K or Akt. YB-1 consists of three major domains: an N-terminal alanine-proline-rich domain (AP), a central cold shock domain (CSD), and a C-terminal tail domain comprising four alternating clusters of basic and acidic residues (Fig. 1A) . The core of the protein is the CSD, which forms a distinct structure and facilitates binding to the nucleic acid; it also contains an RNA-binding motif (20) . Mutation of the RNA-binding motif eliminates RNA binding and the ability to interfere with P3K-induced transformation, suggesting that RNA binding is essential for YB-1 to block P3K-mediated transformation (5). In a search for domains of YB-1 necessary for interference with transformation, we generated various deletion mutants (Fig. 1A) . All mutants were derived from the chicken YB-1 protein consisting of 321 residues. We cut the protein in half, generating a C-terminal fragment (residues 137 to 321) and an N-terminal fragment consisting of the AP domain and the CSD (AP-CSD, residues 1 to 136). We deleted portions of the C terminus, deleted almost the entire AP domain, and created a YB-1 mutant with an internal deletion within the C-terminal domain. All cDNAs contained an N-terminal FLAG tag and were expressed from the retroviral expression vector RCAS. cDNAs were entirely sequenced, and correct expression of the individual YB-1 proteins was verified by Western analysis (Fig. 1B) . To test for interference with Akt-or P3K-induced transformation, CEF transfected with RCAS vectors encoding the YB-1 deletions were superinfected with oncogenic P3K or Akt virus carrying an N-terminal myristylation signal (myr-P3K and myrAkt). As shown in Fig. 2 , neither the AP-CSD nor the C-terminal domains were able to block transformation. Interference with transformation required the CSD and a major portion of the C-terminal domain adjacent to the CSD up to amino acid 290 ( Table 2 ). The mutant lacking amino acids 183 to 273 was VOL. 25, 2005 INHIBITION OF TRANSLATION AND TRANSFORMATION BY YB-1 2097 also unable to block transformation, highlighting the importance of the C-terminal domain. Protein sequences that are dispensable for interference are the AP domain and C-terminal sequences beyond amino acid 290. Subcellular localization of YB-1 deletion mutants. The fulllength YB-1 protein localizes predominantly in the cytoplasm (5, 41, 59, 73) . However, derivatives of YB-1 have also been found in the nucleus (38, 73) . The YB-1 mutant YB-1*, which no longer binds to RNA, is retained in the nucleus (5) . The ability to interfere with transformation could simply be controlled by the subcellular distribution of YB-1. Therefore, we determined the localization of the YB-1 deletion mutants by immunofluorescence ( Fig. 2; Table 2 ). As expected, wild-type YB-1 was predominantly found in the cytoplasm. Some of the deletion mutants were nuclear and some were cytoplasmic, depending on the protein sequence that had been deleted. The results allowed the following conclusions: (i) the C-terminal half of the protein contains a potential NLS between residues 183 and 202. This is demonstrated by the cytoplasmic YB-1(1-183) and the nuclear YB-1(1-202) proteins. (ii) YB-1 residues 264 to 290 encode a cytoplasmic retention site (CRS) that prevails over the NLS (Table 2 ). This is shown by YB-1(1-264) and YB-1(1-290). YB-1(1-264) localizes to the nucleus, whereas YB-1(1-290) is cytoplasmic even in the presence of the NLS. (iii) A stabilization of the RNA-binding module in the cytoplasm is required but not sufficient for interference with transformation. YB-1(1-183) and YB-1⌬183-273 are two examples that localize in the cytoplasm and contain an intact CSD but are unable to block transformation. This observation also shows that the CRS and the C-terminal domain, which mediates interference, are two distinct domains.
The noncanonical NLS of YB-1. As shown above, YB-1 residues 183 to 202 encode a potential NLS. To verify that this site is biologically active in the full-length protein, we further analyzed the NLS with the YB-1* mutant that contains a disrupted RNA-binding motif and localizes in the nucleus (5). We generated YB-1* mutants lacking parts of or the entire sequence encompassing residues 183 to 202 and expressed these proteins in CEF using RCAS (Fig. 3A , B, and C). A partial deletion mutant of that site, lacking amino acids 190 to 202, resulted only in an incomplete release of the protein into the cytoplasm (Fig. 3D) . Deleting all 20 amino acids (183 to 202) increased cytoplasmic localization and suggested that the residues 183 to 202 play an important role in the control of cellular localization of YB-1 (Fig. 3D) . We concede that the cytoplasmic staining is not absolute. However, the staining obtained with YB-1*⌬183-202 strongly resembled that of the AP-CSD fragment (cf. Fig. 2 ), indicating that the N-terminal half of the protein, consisting of the AP domain and CSD, has residual nuclear localization activity.
Conventional NLSs are either monopartite, such as the NLS of the SV40 large T-antigen (KKKRK), or bipartite, composed of the structure K/R K/R K/R (X) 10-12 K/R K/R (18, 39, 40) . Considering the relative position and the high content of arginines within the sequence encompassing residues 183 to 202, this sequence could act as a classic NLS. We therefore determined whether the cluster of four arginines at position 186 to 189 is essential for nuclear localization. We generated the mutant YB-1(1-202,4R-4A), encoding YB-1 residues 1 to 202 with alanines in positions 186 to 189 (Fig. 3A, B, and C) . We compared the localization of this mutant with its unaltered counterpart YB-1(1-202). Both proteins were retained in the nucleus, suggesting that the arginines are not essential for nuclear localization (Fig. 3E) . Even with the further deletion of the two terminal arginines in positions 201 and 202, the mutant protein remained in the nucleus (data not shown). These data suggest that residues 183 to 202 form a noncanonical NLS that functions independently of basic residues.
In a subsequent experiment we examined whether nuclear export of YB-1 is mediated by CRM1 (chromosome region maintenance 1). CRM1 belongs to the exportin proteins and controls nuclear export of many shuttling proteins, such as MDM2/p53 (murine double minute 2), cyclin B1, and IB (inhibitor of NF-B) (22, 31, 83) . We treated YB-1-expressing cells with leptomycin B, which prevents CRM1-mediated nuclear export by competing for CRM1 (21, 42, 72) . After a 24-h treatment with leptomycin B, the IB superrepressor accumulates in the nuclei due to inhibition of nuclear export. In contrast, there was no measurable increase in nuclear localization (Fig. 3F ). It may be directed through mRNA export instead. Nuclear localization is not required for interference with transformation by P3K. Full-length YB-1 localizes to the cytoplasm (5, 41, 59, 73) . However, it is still possible that traces of YB-1 travel into the nucleus, mediating interference with P3K and Akt by a mechanism that is distinct from its role as a cytoplasmic translational regulator. Therefore, we deleted the NLS from wild-type YB-1 and tested this mutant in an interference assay. As shown in Fig. 4 , interference was neither abolished nor diminished by the lack of an intact NLS, suggesting that the nuclear function of YB-1 is not necessary to prevent transformation. The C-terminal domain that is required for YB-1 function can be further confined to a 90-amino-acid region between residues 202 and 290 that includes the CRS. In vitro, the C-terminal half of the YB-1 protein alone effectively blocks translation (52) . To test whether this domain is sufficient to block transformation when localized in the cytoplasm, we used the mutant YB-1*⌬183-202 that lacks RNA-binding activity and the NLS but retains the C-terminal domain 202-290 and localizes to the cytoplasm (Fig. 3D) . The data revealed that the C-terminal domain of YB-1 alone is not able to prevent transformation and suggested that the CSD in concert with the C-terminal region is required to block transformation.
Cap binding is required but not sufficient for interference with P3K-induced transformation. YB-1 binds to the cap region of mRNAs and could function as a competitor of eIF-4E (5). The antioncogenic effect of YB-1 could therefore be mediated by binding to the mRNA cap. In order to explore this possibility, we harvested cells expressing wild-type or mutant YB-1 proteins and applied native cell lysates onto a 7-methyl GTP resin (m 7 GTP). m 7 GTP beads mimic the cap region of mRNAs and allow the isolation of cap-binding proteins (44) . Bound proteins were identified by Western blotting with FLAG-specific antibodies (Fig. 5A ). All YB-1 mutants that were able to block transformation were also bound to the beads. However, some of the mutants that failed to interfere with transformation were also able to bind to the m 7 GTP resin. Among these were proteins that were abundantly expressed in the cytoplasm, such as YB-1(1-271) and YB-1⌬183-273. This result suggests that mere cap binding is not sufficient for interference. Competition with eIF-4E is therefore not a likely mechanism for the antioncogenic activity of YB-1.
YB-1 nonspecifically binds to mRNAs, preferring sequences with a high G content (84) . Masking mRNAs could be another possible way by which YB-1 inhibits translation. Therefore, we investigated mRNA-binding activities of various YB-1 mutants with in vitro-transcribed YB-1 mRNA as an arbitrary mRNA. YB-1 proteins were immunoprecipitated with FLAG-specific antibodies and incubated with [
32 P]UTP-labeled mRNA. Beads were washed with high salt to break nonspecific protein-RNA interactions. Bound mRNAs were quantified and visualized by PAGE. A majority of YB-1 mutants was able to bind to the mRNA, including mutants that failed to interfere with P3K-induced transformation ( Fig. 5B and C) . This result is similar to the cap-binding assay, with the exception that cap binding requires additional C-terminal sequences whereas mRNA binding solely depends on a functional CSD.
Oligomerization of YB-1 is required but not sufficient to block P3K-mediated transformation. Cap binding or mRNA binding are not sufficient for YB-1 function as shown above. However, it still possible that mRNA binding in concert with homodimerization is required to prevent transformation. YB-1 is able to dimerize, forming homodimers and oligomers (25, 35) . The domain necessary for oligomerization has been mapped to the C-terminal half of the protein (35) . We confirmed homodimerization by coimmunoprecipitation of fulllength YB-1 with full-length YB-1 by using FLAG-tagged and hemagglutinin (HA)-tagged proteins (Fig. 6A) . Before precipitation, protein lysates were treated with RNase A to ensure complete degradation of mRNAs (Fig. 6B) . To test the possibility that oligomerization of YB-1 bound to RNA causes interference with transformation, we performed coimmunoprecipitation experiments with full-length HA-YB-1 and various YB-1 mutants containing the FLAG tag. The capacity to homodimerize was compared to the ability to interfere with P3K-induced transformation. As shown in Fig. 6C , a great number of YB-1 mutants, including loss-of-function mutants, were able to form homodimers. The domain facilitating homodimerization can be mapped to residues 137 to 183, a domain Cterminally adjacent to the CSD. The data suggest that masking the mRNA as a homodimeric protein complex is not sufficient for the antioncogenic activity of YB-1.
Interference with transformation is tightly correlated with inhibition of translation. YB-1-expressing cells resistant to transformation by P3K and Akt show a dramatic decrease in translational activity. Cap-dependent and cap-independent translation are affected equally by YB-1 (5). Protein synthesis in cells expressing the YB-1 mutants was therefore measured and compared to the sensitivity to transformation. Cap-dependent translation was measured with the reporter construct pcluc, encoding the luciferase gene that is driven by a cytomegalovirus promoter and translated in a cap-dependent manner. Transient transfection of pc-luc into CEF that expressed various YB-1 mutants was followed by a luciferase assay as a readout for translational activity (Fig. 7A) . The data revealed that inhibition of translation is tightly correlated with the ability to block P3K-induced transformation. All mutants that retained the ability to interfere with transformation also greatly reduced translation, similar to wild-type YB-1. Mutants unable to affect transformation barely reduced translation. The reduction in translational activity was independent of transcriptional activity, as RCAS-YB-1-and RCAS-infected cells showed equal levels of luciferase mRNAs (Fig. 7B) . The data suggest that the two regions critical for antioncogenic activity, the RNA-binding domain and the C-terminal domain, function in concert to interfere with protein synthesis and induce resistance to transformation.
DISCUSSION
YB-1 functions as an mRNA-binding protein regulating translation and as a DNA-binding protein controlling gene expression. In addition, YB-1 is a nucleo-cytoplasmic shuttling protein that may be involved in DNA repair and RNA splicing (38, 59, 78) . Heterozygous knockout of YB-1 results in major defects of the cell cycle in DT40 cells (75) . Overexpression of YB-1 induces a specific resistance to P3K-and Akt-mediated oncogenic cell transformation (5) . The mutational analysis of YB-1 presented here seeks to correlate the antioncogenic activity of YB-1 with specific domains and functions of the protein.
In an analysis of the subcellular localization of YB-1 mutants, we found that a cytoplasmic localization of YB-1 is required but not sufficient for interference with transformation. A YB-1 mutant lacking the NLS retained its capacity to block translation and P3K-induced transformation, suggesting that a nuclear function and-by implication-transcriptional regulation are not required. We mapped the domains that control subcellular localization: the NLS encompasses amino acids 183 to 202, and the CRS resides between residues 264 to 290. The sites of these domains are similar to those that have been determined previously (38, 73) . We found that the CRS is necessary for cytoplasmic localization but is dispensable for mRNA binding. Loss of either RNA binding or the CRS re- sults in a nuclear localization (5, 73) . Under these conditions, the NLS prevails and directs YB-1 into the nucleus. YB-1 has a noncanonical NLS, since it functions independently of its basic residues. Inhibition of the CRM1-mediated nuclear export by leptomycin B fails to block cytoplasmic localization of YB-1, suggesting that nuclear export is facilitated through mRNA export. The data favor a model in which YB-1 interferes with oncogenic transformation by functioning as a cytoplasmic translational regulator and not as a nuclear protein regulating transcription. Nuclear export and cytoplasmic localization are accomplished by association of YB-1 with mRNA, whereas nuclear localization is mediated by the NLS in conjunction with a loss of the CRS. This is demonstrated by sitespecific cleavage of YB-1 in response to thrombin, which leads to a loss of the CRS and nuclear localization (73) . Nuclear localization can also be achieved by other stimuli, such as UV treatment, phosphorylation, or association with p53 (41, 78, 85) . Whether the CRS stabilizes YB-1 in the cytoplasm by interacting with mRNA or another component of mRNPs remains to be determined.
YB-1 is frequently overexpressed in ovarian, breast, and lung cancers (27, 36, 66, 81) . In many of these cancers, YB-1 shows increased nuclear localization. YB-1 positively controls the expression of the matrix metalloproteinase 2 and the multidrug resistance gene 1, both of which are important for tumor progression (48, 55) . Nuclear localization of YB-1 correlates with tumor progression and a poor prognosis in tumor patients (27, 66) . The prooncogenic activity of YB-1 may be explained by elevated levels of YB-1 in the nucleus. In this context, YB-1 may act as a transcriptional regulator, rather than as a cytoplasmic mRNA-binding protein.
As an mRNA-binding protein, YB-1 controls translation in a dose-dependent manner (49) . High concentrations are inhibitory and block cap-dependent and cap-independent translation (5) . Masking the mRNA and, thereby, making the mRNA inaccessible to the translational machinery has been a plausible explanation for this inhibitory activity (7, 20, 61, 68) . YB-1 would bind mRNA as a monomer or as an oligomer, condensing mRNAs intramolecularly and intermolecularly. Our data do not support this model but rather suggest that the inhibition were transiently expressed in HEK293 cells. FLAG-YB-1 and HA-YB-1 proteins were singly expressed to show the specificity of the assay. Empty pcDNA3 vector was added when necessary to reach equal amounts of transfected DNA. A 500-g aliquot of total protein was preincubated with 1 mg of RNase A/ml at 37°C for 2 h. Lysates were precipitated on a FLAG-conjugated resin and probed for coimmunoprecipitated HA-YB-1. Western analysis using 25 g of total protein was performed to show expression of YB-1 proteins (bottom panels). Tubulin was used as a loading control. (B) Degradation of mRNA by RNase A treatment. A 500-g aliquot of total protein of HEK293 cells expressing FLAG-YB-1 was treated with (ϩ) or without (Ϫ) RNase A as described above. Total RNA was isolated, reverse transcribed, and amplified using YB-1-specific primers. The arrow indicates a 606-nt PCR product. (C) Coimmunoprecipitation of YB-1 mutants. HA-YB-1 and various YB-1 mutants containing an N-terminal FLAG tag were coexpressed in HEK293 cells and subjected to coimmunoprecipitation as described in the legend for panel A. Five micrograms (FLAG) and 10 g (HA and tubulin) of total lysates were used in an immunoblot assay to show expression of YB-1 proteins. YB-1 mutants were sorted by the ability to interfere with P3K-induced transformation. CSD indicates the AP-CSD fragment.
VOL. 25, 2005 INHIBITION OF TRANSLATION AND TRANSFORMATION BY YB-1 2103 of translation involves a more specific mechanism. mRNA binding and the ability to oligomerize are not sufficient for inhibition of translation. Inhibition requires a C-terminal domain that is distinct from both the CRS and the domain that facilitates dimerization. Nekrasov et al. have shown that YB-1 interferes with translation at the initiation stage of translation. YB-1 binds to the cap region of mRNAs, but there is no apparent competition between YB-1 and eIF-4E in a 7-methyl cap-binding assay (5) . Several deletion mutants of YB-1 are able to bind to the cap but fail to inhibit translation and also fail to interfere with P3K-mediated transformation. Cooperative binding of YB-1 and eIF-4E to the cap may occur, since YB-1 binds to the sugar component of mRNAs, leaving nucleotide bases free to interact with other mRNA-binding proteins (57) . Initiation of cap-dependent translation is negatively controlled by 4E-BPs and eIF-2␣ kinases (26) . However, 4E-BP1 levels bound to the cap are not increased in the presence of YB-1. Likewise, phosphorylation of eIF-2␣ at Ser51 remains unaffected by YB-1 (unpublished data). High levels of YB-1 impair the formation of the 48S preinitiation complex (57) . Therefore, YB-1 may not prevent the assembly of the translational initiation complex 4F but may interfere at a later stage of initiation. It is conceivable that YB-1 interferes with mRNA scanning, assembly of the 80S ribosome, or recognition of the start codon. We speculate that the CSD facilitates the association of YB-1 and mRNAs, whereas the C-terminal domain has a yet-to-be-defined trans-acting function. Our data establish a fundamental role of translation during P3K-induced oncogenicity. YB-1 inhibits translation and as a consequence prevents P3K-and Akt-induced transformation. Cycloheximide, a general inhibitor of translation, fails to block transformation by P3K or Akt, suggesting that YB-1 differentially affects certain mRNAs that are essential for the transformed phenotype (unpublished data). In this view, the susceptibility to inhibition by YB-1 would be encoded by cis-or trans-acting elements of the particular mRNAs. A recent study described mRNAs that are differentially regulated during Ras or Akt activation (60) . While total mRNA levels remained largely unchanged, a specific subset of mRNAs associated with polysomes and entered translation. Many of these mRNAs encode proteins that regulate growth, transcription, cell-to-cell interactions, and morphology. The challenge is now to identify the mRNAs that are crucial for P3K-induced oncogenesis and how they are regulated by YB-1. 
